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The transfollicular administration of pharmacologically active molecules is of current therapeutic interest, mainly
with regard to delivery to speciﬁc sites of the hair follicle (HF) and the reduction of hepatic metabolism and
systemic toxicity. HF are privileged pathways for speciﬁc molecules depending on formulations, which enter faster
into these shunts than through the stratum corneum. The aim was to optimize the delivery of ﬂuorescent
microspheres into the HF, thereby, developing a standardized protocol for follicular targeting with microspheres.
The number of HF showing penetration, as well as the depth of penetration, was determined. Freshly excised skin
samples with terminal HF were divided into groups, with or without prior treatment with cyanoacrylate skin surface
stripping-technique (CSSS). Thereafter microspheres at a size of 0.75–6.0 lm were applied according to the
developed standardized protocol. Skin biopsies were obtained, shock-frozen, and sectioned in 5 lm slices. We
demonstrated a selective penetration route of the microspheres into the HF. Optimal microsphere size proved to be
approximately 1.5 lm, with a 55% rate of all HF, and with a maximum penetration depth of 42300 lm. Without
previous CSSS treatment of the skin, the transfollicular microsphere penetration was below 27% with a maximum
penetration depth of 1000 lm. Thus, the basis for follicular targeting of essential structures containing stem cells
for keratinocytes, melanocytes, and mast cells has been laid.
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Transdermal, especially transfollicular drug delivery is
gaining increasing significance and several drugs, such as
estrogens, fentanyl and recently also macromolecules such
as insulin, have been successfully delivered by this route for
both local and/or systemic action (Miser et al, 1989; Balfour
and Heel, 1990; Cevc, 2003). The amount that can be
administered transdermally, however, is low and various
enhancing methods have been investigated to facilitate the
transdermal transport of drugs.
Coated titanium dioxide microparticles, used as UV-
filters in sunscreens, were shown to predominantly selec-
tively penetrate into the hair follicle (HF) (Lademann et al,
2003). The efficiency thereby depended on the size of the
particles (Schaefer and Redelmeier, 1996; Lademann et al,
2001) suggesting an optimal size to be 3–10 mm (Rolland
et al, 1991; Schaefer, 1993; Sumian et al, 1999).
One important factor to enhance penetration processes is
the choice of the best galenic formulation, such as useful
carrier molecules or by varying the content of ethanol, water,
oil, etc. Additionally, physicochemical parameters of the
substance itself, for example, size, charge, and lipophilicity,
are other important factors to be influenced (Illel, 1997; Lauer
et al, 1995).
The vehicle of the microspheres is considered to be a
major penetration-influencing factor. Grams and Bouwstra
(2002) showed that a higher lipophilicity improves HF
targeting, whereas, Illel (1997) reported that polar vehicles
such as propylene glycol promoted the concentration of
substances in the follicular orifices, possibly due to the
solvent effect. Interestingly, ethanol also favors the trans-
follicular pathway for substances such as pyridostigmine-
bromid (Bamba and Wepierre, 1993). Ethanol acts by
swelling the stratum corneum (SC) and affects the inter-
cellular domains, though it is primarily a solvent that readily
dissolves lipids making it easily miscible with sebum (Illel,
1997). Minoxidil delivery to the HF was clearly increased,
when using ethanol (Tata et al, 1995) or ethanol in vesicular
systems (Touitou et al, 2000).
Another penetration enhancing factor is the cyanoacry-
late skin surface stripping-technique (CSSS) that has
proved to be a good method of optimizing the HF for
transfollicular penetration by ‘‘opening up’’ the follicular
infundibula (Schaefer and Lademann, 2001). There are data
on the effect of massage on skin penetration that indicate
an improved permeation through the skin, for example, of
substances such as dyes (Genina et al, 2002) or methyl
nicotinate (McElnay et al, 1993).
The type of HF could affect the penetration by the
difference in follicular diameter where one could suppose
that a greater infundibular and shaft diameter would
improve the penetration rate. In concordance with this,
terminal hairs would show greater penetration rates
Abbreviations: CLSM, confocal laser scanning microscope; CSSS,
cyanoacrylate skin surface stripping technique; HF, hair follicle; HS,
hair shaft; IR, infrared radiation; IRS, inner root sheath; MoAb,
monoclonal antibodies; ORS, outer root sheath; SC, stratum
corneum; SG, sebaceous gland
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than vellus hairs; therefore, we chose terminal hairs for
our study.
Structure and Growth Cycle
The human HF regularly cycles with subsequent phases of
growth (anagen), regression (catagen), and resting (telogen).
Multiple variables and an intrinsic control of hair growth
affect the regulation of the subtle interactions in the growth
cycle (Ross et al, 1999). The permanent portion of the HF is
distally limited by the bulge. The bulge consists of a discrete
collection of outer root sheath (ORS) cells located near the
insertion site of the arrector pili muscle (Cotsarelis et al,
1990), 500–800 mm below the skin surface (de Viragh and
Meuli, 1995) (Fig 1). Today, it is generally assumed that the
bulge region contains the follicular stem cells and regulates
the hair growth cycle together with the dermal papilla
comprising the germinative stem cells (Jahoda and Rey-
nolds, 1996). This is known as the so-called ‘‘bulge
activation hypothesis’’ (Sun et al, 1991). As well as the skin
mast cell precursors (Kumamoto et al, 2003), the melano-
cyte stem cells were recently also shown to be situated in
the bulge- and subbulge region (Nishimura et al, 2002;
Sharov et al, 2003).
The human hair can be divided into two major types:
terminal hairs and vellus hairs. Terminal hairs are macro-
scopically long (42 cm), thick (40.03 mm), pigmented, and
mostly contain a medullary cavity (Silver, 1975; Whiting et al,
2000).
In contrast, the non-pigmented vellus hairs are thinner
than 30 mm, silky, and do not grow longer than 2 cm. In the
scalp region, HF are arranged in the so-called follicular unit,
containing the pilosebaceous unit as well as 1–4 terminal
hairs and 1–2 vellus hairs and encircled by branches from
the same arrector pili muscle (Headington, 1984; Poblet
et al, 2002).
The duration of anagen and telogen and the percentage
of hair in different growth phases differ significantly between
vellus and terminal hairs, and in different body regions,
accounting for the difference in length and coarseness
between the HF (Richards and Meharg, 1995).
Immunohistochemical Staining
Regions of interest for follicular targeting are the bulge
region, which is considered to be the stem reservoir for
epithelial cells, melanocytes, and also mast cells, as well as
the dermal papilla with the surrounding germinative cells of
the HF.
The bulge cells possess a stem cell phenotype,
characterized by their slowly cycling nature (Cotsarelis
et al, 1990; Sun et al, 1991; Lyle et al, 1998; Morris and
Potten, 1999), proliferation at the onset of new HF growth,
and the high level of b-integrin expression. Cytokeratin 15
(CK 15) is suggested to be expressed preferentially in
epithelial stem cells. C8/144B monoclonal antibodies
(MoAb) were shown to recognize CK 15 in keratinocytes,
a discrete area of the ORS basal layer of the bulge region, in
anagen, catagen, and telogen follicles (Lyle et al, 1999;
Kruger et al, 1999). Cytokeratin 19 (CK 19) is also expressed
in stem cells of the HF (Michel et al, 1996), staining cells
restricted to the ORS layer, localized in the bulge area of the
HF in the anagen phase and in the lower and upper ORS
during the telogen and catagen phases (Commo et al,
2000). In the HF, the biochemical marker Ki-67 is a MoAb
that detects nuclear antigens present only in proliferating
cells (Gerdes et al, 1984).
Microspheres and Penetration
There is a variety of different microspheres to choose
between. Recent studies have shown the vast applicability
of liposomes, that is, microscopic vesicles usually formed
from phospholipids, as delivery vehicles for systemic
administration of drugs. Though the immense variation of
composition, stability, drug incorporation add to factors
influencing the penetration that are difficult to estimate. We
chose polystyrene microspheres that are very stable, easy
to couple with other molecules, easy to prepare or purchase
in different well-defined sizes and are well documented
in both in vivo and in vitro investigations (Pierce and Morfitt,
1989).
The size of microspheres has been shown to have a
major influence on follicular targeting. Earlier studies
showed that the propensity of the microspheres to
penetrate the skin appendages is proportional to their size,
when using size-characterized fluorescent polystyrene
Figure 1
Target structures of terminal hair follicles and their corresponding
levels. HF, hair follicle; ORS, outer root sheath; IRS, inner root sheath;
CL, companion layer; FS, fibrous sheath; SG, sebaceous gland; AP, m.
arrector pili. Based on de Viragh and Meuli (1995) and Schaefer and
Redelmeier (1996).
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microspheres in suspension (Schaefer et al, 1990; Rolland
et al, 1993). Larger microspheres (410 mm) neither
penetrate into the follicular orifices nor the horny layer,
whereas the 9 and 10 mm beads concentrate around the
opening the follicles without further penetration. Seven mm
microspheres are frequently observed deep in the follicular
canal but rarely penetrate the SC. Depending on the
microsphere size, microspheres of 5 mm show a high
concentration in the follicular ducts, but without penetrating
through the SC, whereas, the smallest microspheres o3
mm, studied by Rolland et al (1993), penetrated into the skin
appendages well but were also observed in the superficial
layers of SC, and never in the viable epidermis.
Based on these facts, the aim of our investigation was to
develop a protocol for optimal targeting of microspheres
into the HF in consideration of previously mentioned
penetration factors, for in vitro and possibly in vivo use as
well as to create a penetration profile regarding the number
of HF showing penetration and depth of penetration. We
also wanted to carry out immunohistochemical stains of
stem cells and proliferating cells in the HF to clearly identify
the depth and the location of the bulge region in correlation
with our penetration profiles.
Results and Discussion
Identiﬁcation of target structures in the HF by immuno-
histochemistry APAAP-stains with ck-15 and ck-19 were
performed to visualize bulge regions, as well as proliferative
regions of the HF relevant for targeting and their relative
depths. A positive APAAP-stain is pink-red. Ck-19 clearly
showed the typical spotted pattern staining in the region of
the sebaceous glands (SG) down to the dermal papilla in
cells of the ORS. Especially in the more inner layers, the
cytoplasma was clearly positively stained (Fig 2a). Ck-15-
stains were not always visualized in the bulge region of each
HF unlike the reports of other investigators (Lyle et al, 1999),
possibly also due to quiescent HF. The cells stained with ck-
15 were predominantly located in the outer layer of the ORS
in the bulge region (Fig 2b). Ki-67 similarly showed a distinct
staining of the companion layer between the inner root
sheat (IRS) and ORS, as well as an abundant staining of the
ORS layers, the extent depending on the growth phase of
the HF.
CSSS investigations inﬂuence microsphere penetra-
tion CSSS in vivo removes the content of the follicular
infundibulum consisting of a mixture of keratinized material,
cell debris, lipids, and bacteria (Mills and Kligman, 1983)
and occasionally parts of vellus hairs. In follicular plucking in
vivo, the entire hair is removed, including the HF, the IRS,
the ORS, and the fibrous sheath (Wells, 1982; Detmar et al,
1993).
The present investigation revealed that in freshly excised
skin samples a certain number of terminal and all vellus HF
were pulled out completely by CSSS. No reminiscences of
the HF, including the fibrous sheath, could be found by a
histological examination of the samples. This was also
observed in skin samples excised less than 2 h prior to
investigation. In these skin samples, microspheres were
only detected on the skin surface, but in none of the follicles
without hair shaft (HS). Thus, the intact HS seems to provide
a guidance for the microspheres into the hair infundibulum
and hair canal, in accordance with findings of Lieb et al
(1997). The latter showed that when the HS had been
removed beforehand in ex vivo, skin penetration was
prevented. In in vivo studies no terminal HF and few vellus
HF are torn out by CSSS. This suggests a looser attachment
Figure2
Hair follicle stained with ck-15 (a,b) and ck-19 (c,d), showing
typical staining pattern for each antibody. Bars a and c¼ 500 mm,
b¼ 50 mm, d¼ 50 mm.
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of the hair in excised skin as soon as blood circulation has
stopped as well as a collapse of the resulting artificial
‘‘canal’’ possibly due to an additional lack of skin turgor.
Furthermore, CSSS does not remove SC completely but
leaves fine shreds of SC on the surface.
Using the optimal standardized investigational proce-
dure, the penetration behavior was independent of skin
storage parameters (dry or preserved in medium) as long as
they had been sufficiently air dried (2 h) before starting the
experiment.
Microsphere distribution pattern on skin surface and in
the HF is size dependent Distribution pattern of the
particles on the skin surface clearly depended on whether
CSSS had been performed previously or not. In skin
samples without prior CSSS the microspheres tended to
aggregate on the surface, that is, especially in and around
squamae, thereby requiring a higher concentration of
microspheres in order to see an even distribution over the
skin surface. In stripped skin, the surface was ‘‘smoother’’
thus making it easier for the particles to ‘‘slip’’ into the
follicle orifices with lower concentration. Additional similar
qualitative information about microsphere distribution was
confirmed by CLSM. Microspheres of a greater size (3–6
mm) tended to aggregate more than smaller particles (0.75
mm). The microspheres of greater size (3 and 6 mm) showed
a distinct tendency to aggregate in the follicular orifices. The
smaller microspheres, 0.75 mm, showed a homogenous
distribution on the skin surface and no particular concen-
tration in the follicular orifices. Thus, the size of the
microspheres also seemed to affect the distribution pattern.
Microspheres of all sizes mentioned remained on the
surface of SC or viable epidermis when the SC was ragged
by the CSSS, if they had not penetrated selectively into the
HF, and did not penetrate transepidermally, transdermally,
or transglandularly in any single case. The result clearly
differs from other results where similar microspheres have
been used and then reported to penetratrate transdermally
at a size o3 mm (Schaefer et al, 1990; Rolland et al, 1993).
This pronounced follicular penetration might be due to the
rigidity of our microspheres in comparison with highly
malleable liposomes for example.
Careful workup of all histological sections revealed that
microspheres always penetrated between the cuticula of
the HS and the cuticula of the IRS with a clear tendency of
the microspheres to adhere to the HS (Fig 3).
Penetration is independent of follicle type Selective
follicular penetration into the HF was shown by CLSM.
Neither in vitro nor in vivo penetration into sweat glands or
SG could be observed. With CLSM, microspheres were still
detectable 24 h later in furrows and along HS in follicles
despite normal rubbing by textiles and washing procedures.
In histologically sectioned samples, without CSSS prior
to application, single vellus hairs demonstrating micro-
sphere penetration were also found. With CLSM, micro-
sphere penetration in areas containing only vellus hairs,
such as forehead, were additionally examined. Microsphere
penetration was found in furrows of the skin and in both
terminal and vellus HF, thereby tending to adhere to the HS
(Fig 4a). In contrast to the biopsy images, CLSM of in vivo
skin revealed microspheres in follicular orifices where the
HS had been removed by CSSS (Fig 4b). An explanation
would be that in in vivo skin, the skin turgor maintains the
HF canal although the HS is torn out.
The results obtained confirm earlier studies showing that
penetration rate is more affected by HF density than follicle
diameter (Tur et al, 1991; Ogiso et al, 2002).
No correlations of HF growth phase and microsphere
penetration behavior could be shown in vitro HF activity,
that is, hair growth and sebum production, significantly
affect the follicular penetration (Lademann et al, 2001),
where microspheres could be found only in 10% of the
follicular orifices in investigated vellus HF.
Therefore, we decided to investigate a possible correla-
tion between HF in different growth phases and penetration
of microspheres. Hairs in the so-called follicular unit, or
Meijie`res trio group, are at different growth phases. We
observed a recurring phenomenon: only one or two of the
HF in Meijie`res trio group showed penetration of particles.
Although, HF in all three different growth phases were found
showing microsphere penetration, thus, no correlation
between growth phase and microsphere penetration could
be obtained even when no previous CSSS had been
performed.
We considered massage a possible penetration enhan-
cer based on experience from other experiments in the field
(McElnay et al, 1993; Genina et al, 2002). Preliminary tests
were done where the microspheres were applied on the skin
surface without massage thereby showing a weak and only
superficial penetration of microspheres in the HF infundi-
bulum (data not shown). The better result with massage
could be due to a ‘‘dislocation’’ of the follicular cast, a
‘‘plug’’, in the follicular orifice/infundibulum caused by the
mechanical massage.
IR laser has been shown to improve blood circulation
both locally and systemically as well as stimulating the
angiogenesis (Maegawa et al, 2000; Schindl et al, 2002).
Therefore, the follicular penetration could possibly be
improved by an augmented absorption of substances
through an increased osmotic gradient, or by the oscillating
Figure3
Localization of penetrating microspheres in the hair follicle.
Comparison of cumulative penetration of microspheres and empty
HF found at each level, between skin with and without previous CSSS.
(a) Bar¼500 mm, (b) bar¼ 100 mm.
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movements of pulsating vessels around the HF. Thus, IR
radiation was included in the protocol considering the future
in vivo applications though, it was not possible to evaluate
the effect by means of an in vitro investigation.
The penetration rate is signiﬁcantly inﬂuenced by
CSSS Skin samples treated with CSSS showed a max-
imum penetration of approximately 35%–87% of the HF,
depending on the tissue sample. Penetration of 42300 mm
depth in the HF was observed. Figure 5 demonstrates the
levels of penetration with different microsphere sizes and
the penetration rate of 1.5 mm microspheres in skin without
prior treatment with CSSS.
No significant statistical differences in penetration rate
depending on size of microsphere, sex or body region
(scalp versus axilla) could be shown (data not shown) in
samples where CSSS had been performed, although, a
tendency for better penetration seems to be demonstrated
for microspheres in the size of 0.75 mm resp. 1.5 mm
compared with 3.0 mm resp. 6.0 mm. Skin samples without
previous CSSS showed a maximum penetration of less than
25% (n¼ 184) and a maximum penetration depth of only
1500 mm. Both parameters were significantly lower com-
pared with CSSS-treated samples.
The penetration rate could be false low whereas a
number of HF were obliquely cut in the lower dermal layers
and, thus, may have shown penetration beneath the infun-
dibulum but not as low as in the visualized area. Figure 6
shows a comparison in penetration profile between skin
with and without CSSS. At each skin depth, the percentage
of HF, from the total amount of investigated HF, with and
without penetration is shown. The use of CSSS before
application of microspheres shows a major improvement in
the penetration rate, as well as in the penetration depth.
Reaching the bulge region of the HF at a depth of 500–800
mm, considered the stem cell region, was possible in almost
40% of the HF in tissue samples pre-treated with CSSS,
compared with only 6% in tissue samples without prior
CSSS-treatment (po0.05). This indicates the importance
of the follicular cast as a ‘‘plug’’ or barrier preventing
transfollicularly penetrating substances when it has not
been removed by CSSS.
Application of the protocol for clinical investigations
Our protocol was developed for in vitro investigations but
was also used for in vivo experiments with the CLSM. No
side-effect on the volunteers, including the effect from the
CSSS treatment and following alcohol application, was
observed with our protocol. The use of CSSS to ‘‘open up’’
the HF for penetration of microspheres is an acknowledged,
easily reproducible and efficient method to remove follicular
cast in the HF orifice. For future in vivo studies and
applications on greater body surfaces, a modified version of
CSSS or wax epilation might be used instead. Additionally,
a recent study has shown that next to CSSS, peeling is an
effective method to open HF (Otberg et al, 2004). The
chosen microspheres can easily be coupled to other
proteins and molecules due to the carboxyl group; more-
Figure5
Cumulative penetration profile of microspheres of different size.
Cumulative penetration profile showing the penetration of micro-
spheres at different levels of the HF. Percent of follicles calculated
from total number of HF seen in each size lot. HF, hair follicle.
Figure 4
Confocal laser scanning microscopy (CLSM) images in vivo. (a) Hair
shaft (HS) with microspheres (horizontal wedges) lining the surface of
the HS (asterisk) down into the opening of the follicular orifice (arrow).
Bar¼ 50 mm. (b) Empty follicular orifice (asterisk) with microspheres
(wedges) visualized with sodium fluorescein in alcohol (100%) solution
(wedge). Bar¼ 50 mm. (c) Skin structures as corneocytes (hexagon) and
HS (asterisk) visualized by sodium fluorescein. Typical helical formation
of an eccrine sweat gland (horizontal arrow) without any microspheres
(horizontal wedge). Bar¼50 mm.
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over, dilution of the microsphere in alcohol solution to a de-
sired concentration is simple to carry out. Our investigations
with CLSM indicate that the penetration in vivo is even
better than in vitro due to the maintained skin texture,
particularly in the hair canal, despite prior manipulations by
CSSS, massage, etc. Now that the most important factors
influencing the follicular penetration rate have been identi-
fied new investigations are and will be undertaken to make
our protocol more patient friendly, so that this protocol can
be used for standardized application and delivery of drugs.
Summary The outcome of our study resulted in a protocol
for application of microspheres for follicular targeting
showing that a microsphere size between 0.75 and 6.0
mm all selectively penetrates into both terminal HF and,
when present, vellus HF in the compartment between the
HS cuticula and the companion layer of the IRS. The CSSS-
technique was shown to improve the follicular penetration
in terminal HF significantly, whereas the follicular orifices
were opened without removal of the HS. With an optimal
procedure and a microsphere size of 1.5 mm, a penetration
down to the bulge region could be achieved in 40% of all
HF. These results open the field for targeting keratinocyte
stem cells, thereby regulating the epidermal regeneration
and the HF cycle as well as melanocyte stem cell regulation
of the pigmentation of the hair, skin, and mast stem cells.
Figure 6
Penetration profiles of 1.5 lm microspheres and the influence of cyanoacrylate skin surface stripping-technique. Distribution of HF (mean
values) in different depths in samples with (n¼298) and without (n¼ 109) previous CSSS, the latter showing a significantly lower penetration rate.
Error bars show SD from the mean.
Figure 7
Overlay technique to visualize penetration of microspheres into the hair follicle. Fluorescence image b is placed as an overlay over the light
microscope image a, thereby changing fluorescence color of the microspheres to red and making the background transparent resulting in the
overlay image c. HS, hair shaft; SG, sebaceous gland; arrow, microspheres. Bar¼500 mm.
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Material and Methods
Fresh skin samples, less than 24 h after surgical excision, were
collected from scalp, axillar, or pubic areas with terminal hairs from
seven female and seven male volunteers, average age 45 (  14) y.
A range of 12–110, average 40 (  33) HF were detected and
evaluated from each native sample with a microscope (BMX 60,
Olympus Deutschland GmbH, Hamburg, Germany) in magnitudes
from  40 to  1000, and a total of 653 follicles were examined
for penetration behavior. The samples were, where possible cut
longitudinally, numbered and evaluated serially to be able to
identify also obliquely cut HF, thus avoiding counting a HF twice.
The skin samples were obtained after informed consent from
patients undergoing plastic surgery, approved by the Institutional
Ethics Committee of the Medical Faculty of the Charite´ University
Hospital and according to the ethical rules stated in the declaration
of Helsinki Guidelines.
Immunohistochemistry with antibodies against ck15, ck19,
and ki-67 The frozen skin biopsy was serially cut with a cryostat
into 5 mm thin slices perpendicular to the epidermis and air-dried
overnight.
Immunostaining of the skin sections of biopsy specimens from
normal skin was performed using the alkaline phosphatase
antialkaline phosphatase (APAAP) method (Ulfgren et al, 1995).
Briefly, 5 mm cryostat tissue sections were fixed in acetone. The
sections were incubated 30 min with the following MoAbs; mouse
anti-human CK 19 antibodies (DAKO clone RCK 108 [DAKO,
Hamburg, Germany] dilution 1:150 in RPMI 1640þ 20% DAKO
Human AB-Serum), CK 15 (DAKO clones C8/144B dilution 1:50),
and ki-67 (DAKO dilution 1:500) Tris-buffered saline was used as a
negative control. After washing, the sections were incubated with a
rabbit anti-mouse antibody (dilution 1:40; Z0259; DAKO) and the
APAAP complexes (dilution 1:50; D0651; DAKO). To enhance the
signal, incubation with the bridging rabbit anti-mouse antibody and
the APAAP complexes was repeated. Finally, the sections were
developed in New Fuchsin (5 g in 100 mL 2 N HCl, Merck,
Darmstadt, Germany) and counterstained with Mayers’ hemalum
(1.0 g hematoxilin, 0.2 g NaIO3, 50.0 g potassium alum, 50.0 g
chlorinehydrate, 1.0 g citric acid in 1000 mL H2O). The slides were
analyzed with an Olympus microscope (BMX 60, Olympus
Deutschland GmbH, Hamburg, Germany).
Microsphere penetration Fluoresbrite Yellow Green (YG) Carbox-
ylate Microspheres (Polysciences Europe GmbH, Eppingen,
Germany) were used with an excitation maximum of 458 nm and
emission maximum of 540 nm, thus optimized in order to avoid the
autofluorescence of human skin with an emission maximum at 450
nm (Na et al, 2000). The polystyrene microspheres are produced
under sterile conditions and no toxic effect on the cells has been
observed neither of the microspheres nor by the subsequent
intermittent illumination by excitation of the fluorescent dye (Katz
et al, 1984; Pierce and Morfitt, 1989). The microspheres are
miscible with water, alcohol, and w/o or o/w emulsions (Poly-
sciences Technical Data sheet 238, Callebaut and Meeussen,
1989).
Cyanoacrylate skin surface stripping-technique With this techni-
que, a droplet of cyanoacrylate glue (UHU GmbH & Co, Bu¨hl/
Baden, Germany) is deposited onto a glass slide or clear
polyethylene tape (TESA film No. 5529, Beiersdorf, Hamburg,
Germany). This material is pressed against the surface of the skin
for at least 30 s; the cyanoacrylate polymerizes and adheres to the
SC. The material is gently lifted and peeled from the skin, thus
containing parts of the SC, follicular casts, that is, the content of
the follicular infundibulum (Mills and Kligman, 1983; Pie´rard and
Pie´rard-Franchimont, 1996).
Protocol for application Follicular penetration was assessed in
remnants of fresh human skin from patients undergoing plastic
surgery. This skin (0.5–8 cm2 in average) was immediately
transported to our laboratory, under sterile conditions, and stored
at 41C, either with or without medium (Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 20% FCS plus 3.7 g per L
NaHCO3, 1.0 g per L D-glucose). Prior to use the skin was well
stretched and attached to Styrofoam. The hair was trimmed close
to the surface with scissors, and excess subcutaneous fat was
removed.
The optimal method to achieve transfollicular penetration was
performed as follows: pre-treatment of skin sample, as mentioned
above, followed by 2 CSSS, thereafter application of 0.75, 1.5, 3,
or 6.0 mm microspheres, 2.5% in distilled H2O, diluted in 100%
ethanol (Baker, Holland), to a concentration of 0.5%. An amount of
0.1 mL per cm2 of the microsphere solution was topically applied
for 2 min using a standardized massage technique with a
commercially available massage instrument (PC60, Petra Electric,
Burgau, Germany) with a frequency of 3000 oscillations per min.
The skin was left to dry for 10 min to allow penetration followed by
a 5 min infrared radiation (IR) (Philips Infrared RI 1521 Groningen,
Netherlands) with a distance of 50 cm from the sample.
Skin temperature was measured contactless during IR-beaming
showing a stable temperature rise from 231C to 331C. Temperature
rise in vivo during the same procedure was 321C–411C and well
tolerated. After IR radiation a skin biopsy was taken then shock-
frozen in liquid nitrogen and stored in darkness at 201C until
cryotom sectioning.
Penetration proﬁle analysis by overlay technique A native light-
microscope image (Fig 7a) and a fluorescence image (Fig 7b) using
a NIBA filter (narrow band interference-blue) for higher contrast,
exactly corresponding to the same area, was taken from each HF
with an Olympus microscope (BMX 60, Olympus Deutschland
GmbH, Hamburg, Germany). Through the so-called ‘‘overlay
technique’’ (Monteiro-Leal et al, 2003), utilizing the computer
program analySIS (Soft Imaging System GmbH SIS, Mu¨nster,
Germany), the fluorescence image was placed over the native
light-microscope image of the same sample and an overlay image
was created (Fig 7c). The green color of the fluorescence was
through computer program changed to red for better visualization.
Thus, enabling an exact localization of the microspheres in the HF.
The penetration depth was measured as the lowest level at a right
angle to the skin surface (SC). Follicles not showing any
penetration were measured both from the most superficial point
and the deepest histologically observed point of the HF shaft.
Confocal laser scanning microscopy in vivo Investigations into
the characteristics and behavior of the microspheres applied to the
skin of human volunteers were performed with confocal laser
scanning microscopy (CLSM) (Stratum, Optiscan Pty. Ltd. Notting-
hill, Australia), a non-invasive imaging technique with a lateral
resolution of p1.0 mm and axial resolution of p3.0 mm. CLSM is a
good technique to investigate the skin structure and penetration of
topically applied substances in real time (Lademann et al, 2003).
Skin was soaked with a solution of sodium fluorescein in water in
order to visualize the skin structures 30 min prior to the beginning
of the examination. Thereafter, the microspheres were applied
according to the same protocol as described for the in vitro
experiments including CSSS. CLSM could demonstrate a penetra-
tion to a depth of approximately 200 mm; evaluation below this
depth was not possible due to technical limits of this device.
Statistics Mean values and standard deviation were calculated
using the software program Microsoft Excel 1997. Statistical
analysis was carried out by the Mann–Whitney test using the
SPSS program.
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